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ABSTRACT

A pulsed laser technique has developed which can simulate single

and accurately positioned multiple hypervelocity impacts. Thus, good

statistics on many’ widely spaced single particle impacts and also over-

lapping craters simulating erosion can be obtained much more quickly

and with lower cost than with conventional methods, e. g. light gas guns

and ballistic ranges.

The present program measured the induced shock duration and

strength at the backface of a laser irradiated sample using a laser inter-

ferometric technique. The relationship between laser pulse time and

• . shock duration was determined and measured shock parameters were then

used in an approximate scaling model to deduce the surface pressure-time

hi story.

A flow and pressure field was fo rmed using the impulsive loading

of a material by a laser pulse mat ching that of a particle hyperve locit y

impact and indeed the experimental work demonstrated that craters could

be made that quantitatively duplicated hypervelocity impact craters. 
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I. INTRODUCTION

Physical Sciences has developed a pulsed laser technique which
can simulate single and accurately positioned multiple hypervelocity
impacts. 1,2 Thus , good statistics on many widely spaced single particle
impacts and also overlapping craters simulating erosion can be obtained
much more quickly and with lower cost than with conventional methods.
Also, we are not limited to precipitation size pa rticles (i. e,, greater
than 100 microns) but can easily simulate cloud size particle impacts
(i. e., less than 100 microns). It is well known that these cloud size
particle impacts cannot be perfo rmed at single particle facilities and
therefore the laser technique is more versatile and also capable of a
greater range of impact velocities.

The present program measured the induced shock duration and
strength at the backface of a laser irradiated sample using a laser Inte r-
fermetric technique. The relationship between laser pulse time and shock
duration was determined and measured shock pa rameters were then used

in an approximate scaling model to deduce the surface pressure -time
history. Much more accurate predictions could be made using numerical

computer codes , but thi s is outside the scope of this work. This Info rma-
tion will then allow accurate determination of the equivalent impact
particle parameters.

• The validity of the laser technique being a good simulation of

hypervelocity impact relies on the principle of late stage equivalence.

This principle states tha t identical craters can be formed by different

Impact. if , before strain rate and strength effects are Important, the

flow and pressure fields become identical. Therefore, the precise

detail, of the early time history are not important. It i~ expected that

I ~_.~-._-_-_ . ._-_ .~ - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~
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tha t a flow and pressure field can be formed using the impulsive loading
of a material by a laser pulse matching that of a parti cle hypervelocity
impact and indeed the experimental work demonstrated that craters could

-: be made that quantitatively duplicated hypervelocity impact craters.

A discus sion of the simulation concept, impact physics , and past
experimental results are discussed in Section II, as well as the laser
interferometer and the methods to obtain the surface pressure -time
history. The experiment is discussed in Section III giving detail s on the
apparatus , results , and data interpreta tion. The results of our work are
summarized in Section IV and suggestions for future work are also given.

-- • 
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II. THEOR Y

Ii The previous experimental effort demonstrated that a Q switched
ruby laser beam created craters in both brittle and ductile materials

I which had all the appearances of those made by real hypervelocity
particle impacts. A theoretical model related the laser parameters to

- - equivalent pa rticle pa rameters and the data was reduced using this model.
The reduced data yielded a nominal quadratic dependence of crate r mass
loss on equivalent impacting parti cle velocity which is also observed in

-
• particle impact data. Therefore , a simulation of hypervelocity impact

was demonstrated but It is well known tha t identical crate rs can be made
by different particle impacts. Hence , to reduce the uncertainty in particle

-
• 

parameters the present program measured the induced shock parameters
establishing an experimental relationship between laser parameters and
induced shock parameters.

Model

The laser simulation of hype rvelocity impact model has several
requirements which were discussed in detail in Ref . 2 and will be sum-
marized here. First , the laser beam diamete r matches the equivalent
particle diameter. Second, the laser beam irradiance is adjusted so that

the laser induced pressure ma tches the one dimensional impact pressure
produced in a specified impact. The model developed by Pirri relates

- the laser beam irradiance to an induced surface pressure and is discussed
below. ~ Third, the laser beam pulse time is adjusted so that the induced
impulse matches the momentum of the equivalent impacting particle. The
third part of the model makes physical sense because in early times, i.e.,

tens of nanoseconds, a hypervelocity impact is an Inelastic collision. At
much later times, I. e. 100 nanoseconds, some or even all of the impacting

-3-
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particle and crater mass may be ejected. Thus the final impulse may be
greater than the original particle momentum and this has been observe d
in experiments with the result that the impulse was approximately 1. 7
times th e  original particle momentum. Momentum is cons erved by

- ~ . the rebound of particle material and some ejected target material. In

- 
summary, the model is to match the early surface pressure, area , and
time history of particle impact with a laser induced surface pressure,

• area, and time history.

Impact Physics

As discussed above, a close duplication of the pressure , area

and time history is needed for a viable simulation. The impact physics
will now be dis cussed to predict the necessary pressure , area and time.
The one-dimensional pressure induced by a particle impact is given by
the well known Hugoniot relationship. Hypervelocity impact has been
modeled using numerical computer codes which predict tha t the pa rticle
grows in diameter by approximately 20% when the particle is half-way
into the target. 6 The refore , it is reasonable having the equivalent
particle diameter equal the laser beam diameter. The time histo ry of
the surface pressure is not available from published computer codes or
experimental measurements. However , shock durations have been

~ 
j measured at the backface of an impacted target. 7,8 The approximate

method to predict this time is to conserve momentum. This model will
now be compared to measurements discussed in Refs . 7 and 8. Prater
performed a detailed examination of hypervelocity impact induced shock
waves in several types of aluminum alloys and in particular made measure -
monte of the shock strengths and also pulse shapes using a quartz gauge
to measure the time history of the shock. Three waveforms from his

paper are reproduced in Fig. 1; the impacting parti cles were 0.635 cm
diameter spheres of 2017 aluminum alloy. We will now compare these

- • — -—— -~~~~——~ — -~~— • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :... . ~~~~~~~~~~~~~~~~~ —•.~~ —,•-— - ,— .—--— ~~
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experimental results to our theoretical model for pulse duration ¶ which
is

m v

pA

where m y  is impacting particle momentum, p is the impact pressure
• and A is the particle cross sectional area . For sphe rical particles of

radius r and density p ,  we have

I 4 , r p r v
¶ p (2)

Inserting Praten’s experimental values, i. e. 
~~~~~~~ 

= 2.7 gm/cm3, V

7 km/a , p = 700 k bar) we find that T = 3. 5 ~ sec which favorably compares

with the pulse times shown in Fig. 1.

Lipkin and Kipp also performed hypervelocity experiments and they

measured the perturbation of a sample using a laser interferometric

technique to measure velocity. 8 They used a spherical polyethylene
• projectile and an aluminum target; a sample trace is shown in Fig. 2.

Equation 1 yields for their conditions a time ~ of 0. 31 ~ sec for an impact
I-’• -~ velocity of 5 km/sec and 0. 125 cm diameter polythylene sphere with p

calculated from the Hugoniot relation and Hugoniot data. Thi s is to be

compared with a computer code prediction of approximately 0. 8 ~ sec.

• However, we do note that in Fig. 2 the width of the experimental pulse
• extrapolated to zero at 2 ~ sec is 0. 6 ~ sec. We also note that the wave -

forms in Fig. 1 and Fig. 2 are all different indicating a dependence on

materials, impact speed, etc. Therefore , only very extensive computer

codes could be expected to accurately predict r. Thus, we will continue

to use our model for ~ because of Its simplicity and similarity of predicted
• and experimental times.

-6-
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Principle of Late Stage Equivalence

- 

- 

The principle of late stage equivalence is the basis for expecting

the laser technique to be a good simulation of hypervelocity impact.

• This principle states that identical craters are formed by different

impact if , before strain rate and strength effects are important, the flow

and pressure fields become identical. Therefore, the final shape of

hypervelocity impact produced craters is not precisely dependent on the

impact pa rameters. It is expected that the flow field s and pressure can

be accurately enough duplic .ted ‘-- ~he laser technique to be a virtual

duplication of hype rvelocity imps c -

Simulation Model

The laser/material interaction generates a very high surface

pressure - e.g. , i0~~ dynes/cm2 for an irradiance of approximately

lo ll W/cm2. Pirri extended the work of Basov to predict the dependence

of induced surface pressure on laser beam irradiance. 
1, 3 Figure 3

graphically shows the results of the model for a 0.7 ~tm laser wavelength
• and 100 ~ m beam diameter. The re is a weak functional dependence on

laser wavelength and spot size which is discussed in Refs. 1 and 3. The

• - induced surface pressure is proportional to the 7/ 18th power of the

atomic weight of the irradiated material and therefore, induced surface

pressures for materials other than carbon can be scaled from Fig. 3.

This will be done in our data reduction process.

As discussed above, the Hugoniot equation provides a relationship

between particle and target properties yielding a 1 -D Impact pressure for

a specified velocity impact. Thus, combining the laser/material model
• 

and the Hugoniot equation, there Is a relationship between the laser
• irradiance and equivalent particle velocity for a known target and equiva-

lent pa rticle material. The mass of the equivalent particle ii determined

-8-
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by the momentum equation (see ~ q. (1) ). The laser pulse time Is used
in the model as an estimation of the duration of the induced shock duration.
In summary, the laser beam irradiance yields a surface pressure which
determines the equivalent impact velocity. The laser pulse time, area,
and induced surface pressure combine to yield an equivalent pa rticle
mass from the momentum equation.

This model was successfully used to reduce the data during the
previous experimental program. Many laser produced craters were made
and the average crater mass loss was measured. A convenient non-dirnen-
sional parameter used in the erosion physics community is the mass loss
ratio, G, the ratio of the crater mass loss to the impacting particle mass.
In our experiments, 0 was determined by the ratio of the average crater
mass loss to the equivalent particle mass determined by the model. The
values of 0 were plotted versus equivalent impact velocity, v and the
exponential dependence of G on v was determined using a least squares
fit. The exponential dependence was 1. 78 e 0. 14 for equivalent glas s
particles and 1. 93 ~ 0. 16 for equivalent water particles on ATJ-S

— 

• 
graphite. This is the same nominal quadratic dependence observed in
actual hypervelocity impact tests. In addition to total mass loss, the
crater morphology of both laser produced craters and particle produced
craters is very similar.

In these earlie r experiments , even though the results were very
positive, the precise equivalent particle parameters cannot be determined
from crater mass los s data because of the principle of late stage equlva-
lence. Indeed, different pa rti cle impacts can create extraordinarily
similar craters. The refore, in the present work the Induced shock

parameters were measured In order to reduce the uncertainty in the
equivalent particle pa rameters. The durations of the shock could then
be used to determine the length of the equivalent pa rticle using the

-10- 
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momentum equation (i.e., see Eq. (1) ). The shock parameters were
most easily measured at the backface of a sample whose thickness is

• larger than the equivalent particle length.

ExperImental Technique

A variety of conventional pressure gauges are available for shock
pressure and duration measurements but these gauges have inadequate

• frequency response compared to the laser pulse time which was approxi-
mately 40 nsec (FWHM). Hence, a laser interferometric technique was
used whose response time was limited only by the rise time of the
electronics, We point out that this technology has previously been used
in several configurations to measure either sample backface velocity or

• 5,8acceleration

The details of the technique will now be discussed. As a result 
• 

-

of the simulated impact, a shock wave progresses to the backface of the

• target material and this shock wave produces a backface velocity which
is approximately twice the particle velocity behind the shock within the
material7. The backface of the sample is used as one of the mirrors in
the interferometers shown shcematlcally in Fig. 4. Because the two
opti cal beams from a He -Ne laser are coherent, an inte rference pattern
occur s on the detector. The interferometer is adjusted to obtain uniform
illumination on the detector which optimizes signal to noise. As the sample

• backface moves, the detector output is modulated due to the changing
interference of the two beams. The equation for the normalized detector

output voltage is

v (t) = 1 —cos k ~ (t) ( 3)

where k Is the wave number of the inte rferometer laser line and

A (t) Is the time dependent path length difference between the two

legs of the interferorneter. For example, If the velocity of the target

—1 1—
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backface is uniform, a cosintisoidal sIgnal will result with the frequency

dependent on the velocity. The duration of the modulation is equal to the

duration of the movement of the sample backface. It can be seen from

Eq. (3) that nonuniform motions will create non-sinusoidal modulations

which can then be interpreted to yield the instantaneous backface velocity.

An example was calculated for the case of constant acceleration to peak

F velocity and then a constant deceleration until the velocity was zero. For
• this case the displacement, A ,  Is quadratic in time and the calculated

inte rferometer fringe amplitude is shown in Fig. 5 for the cas e of a total -
•

displacement of ~2-. X , where X is the wavelength of the light used in the

Interfe rometer. Once the velocity is dete rmined, the shock strength can

be determined. If the shock is weak, the strength p is given by

p C t J

~ z ° (4)

where p is the target density, C is the sound speed and U is the backface

velocity9. The facto r C is replaced by the shock speed for strong shocks

to determin e p. In summary, the shock duration is determined by

measuring the duration of the modulation of the interfe rometer signal and

the shock strength deduced primarily from the modulation frequency (see

Eq. (3) and (4) ).

Once the backface pressure has been determined by the experimental

measurements, it would be appropriate to relate the backface to a front

surface pressure. However, no simple models appear to adequately model

- the decay of a hypervelocity impact shock wave as it progresses into a

material. Prater found that the shock wave decays differently into different

alloys of aluminum with the same projectile material, mas s and velocity.

Figure 6 Is a reproduction of one of his figures showing his experimental

results and also compute r code calculations. We note the rather good

comparison between the computer code calculation and the experimental

H -13-
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results, particularly the slope of the decay until a shock radius of 4 cm,

Lipkin and Kipp provide a good comparison of experimental measurements

of backface velocity and computer code prediction. 8 Kreyenbagen et al

have made computations of the decay of the shock wave into ATJ-S graphite

from 1 cm glass sphere at 12, 000 fps impact velocity. Figure 7 shows
• the calculated peak shock strength versus depth into the material at both

00 and 45° propagation direction from the Impact point. We notice the
contrast between Fig, 6 and Fig. 7 showing an approximately constant

power law decay in aluminum and a non power law decay of the shock into

graphite.
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Ill. EX PERIMENT

A Raytheon Company rotating prism Q -switched ruby laser , Model

SS-376 , was used for the experiments. The maximum output energy was 
-

•

nominally 1 joule and the full width pulse time was 80 nsec. Experiments

were done with output energies ranging from 0.2 to 0.4 joule a. At the

higher energies many transverse modes would oscillate, yielding a rather

uniform output irradiance distribution approximately 0.5 cm in diameter.

It is a property of high order stable resonator transverse modes that the

irradiance declines steeply at the edge of the beam. Near threshold, low

order modes oscillated and the decline of irradiance at the edges was not

as abrupt.

The laser pulse energy was measured using a Hadron Model 99

Calorimeter. The output voltage was amplified and observed on an

oscilloscope and th~ factory calibration of the calorimeter was used.

The laser pulse time was measured with a fast EG &G SGD -040A

silicon photodiode and a Tektronix 475 oscilloscope. The bias voltage on

the diode was 90 volts to keep the detector fall-time to a minimum.

Figure 8 shows a typical laser pulse shape.

A schematic of the experimental arrangement is shown in Figure 9

showing the ruby laser beam, interferomete r, and the vacuum box. The

laser beam passed through a glass window placed at B rewster ’s angle to

minimize transmission losses and a lens to focus the beam onto the sample

which was held in place by an xyz stage. A vacuum was necessary to

• prohibit LSD wave formation at the target. The Interferometer used a

lens In each leg to make a small spot on the sample backface and also

obtain uniform illumination on the detector , i. e. constant phase across the

1 mm detector,
I
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The small spot on the sample was desired to have the interfero-

meter sense a localized area of the sample. Two photodetectors were

used during the course of the program - a silicon photodiode and a

• photomultipler tube. The best data was obtained with the silicon photo-

diode using one of the input channels of the Tektronix 475 scope as a

10 x preamplifier for the second input channel.

Experimental Results

A number of tests were conducted on different types of target

materials such as glass , graphite, and coppe r. It was decided to

concentrate on the copper experiments because It is a ductile homo-

geneous material and the back surface can be polished. The other

materials would have required more difficult data interpretation.

A copper sample 900 ~ thick was polished on the backface and

became one of the mirrors in the interferometer, Table I tabulates the

results of some of the tests showing the range of shock durations and

laser parameters. Examples of two oscilloscope traces , run B, are

shown in Fig. 10. The reference beam is blocked in uppe r trace showing

the slight leakage of the intense ruby pulse onto the interferometer -
•

photodetector which allows the monitoring of the ruby pulse length.

The lower trace shows the ruby pulse, the transit time of the shock

wave, 200 nsec, and the shock wave induced fringe change. The over-

exposed line shows the total amplitude of the interferornete r signal and

the dot shows the level of over exposure of a point. The refore, the

sample backface can be interpreted to have moved 0. 32 
~~~ 

In 120 nsec

yielding an average backface velocity of 2 .6 x 102 cm/sec. Using

Eq. (4) and a sound speed of 3.6 km/s and p = 8.9 gm/cm , the corn-

• puted value of the shock pressure Is 4 x 10 dynes/cm . Similar calcu~
lations have been done for the other cases and are given in Table I.

Other lnterfe rograma are shown In Fig. 11 whii h show different traces
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Fig. 10. Interferometer Detector Signal vs Time
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- dependent on the relative starting path length differences in the inter-

ferometer, The interferorneter was not rigid so that the mirrors moved

• 

• 

slowly (I. e. at audio frequencies) and the precise starting point of the
fringe was random - i.e. bright fringe, dark fringe, etc. Because a
trace with the ruby beam blocked was straight, i.e. virtually no move-
ment In 1 i.i eec, the starting path length difference has no effect on the
results.

W e will now discus s the backface pr essure and try to es timate
a front  surface pressure. Prate r ’s experimental results from Fi g. 6

• show a decay of approximately 26 to 45 for a shock propagation distance

~i I 

of 7.5 particle diameters , (the ratio of the laser beam diamete r to target
thickness). The “STEEP” code predicted decays of 30 to 56~ If we make

the assumption that uppe r bound of the decay from the “STEEP” code ,
i.e. 56 is applicable for coppe r , the front surface pressure loading is
predicted to be 17 to 35 kbar for the minimum and maximum cases in

- 1 Table I. This is to be compared with laser/material  interaction model

-. predictions 38 to 72 kbar from Table I. We note that there is a facto r
of two type of comparison.

Discussion

The measurements shown in the oscilloscope traces and reported
in Table I will be plotted to see if there is a correlation between laser
parameters and induced shock parameters. The shock duration is most
easily determined and has been found to be approximately 0. 85 to 1. 8
times the laser pulse length. The ratio of shock duration to laser pulse
time vs. laser beam irradiance is plotted in Fig. 12. We see the weak
correlation of a greater pulse time ratio with increasing irradiance. The
pulse stretching can be accounted for by seve ral different physical
phe nomena such as shock wave stretching and actually longer front surface
loading time. Shock wave shape and duration change. de pendent on
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propagation distance have been theoretically predicted. The laser/

material physics predicts a high surface temperature and pressure at

the irradiated spot which may take a finite time, e.g. tens of nano-

seconds , to decay to much lower values. An acoustic transit time across

the laser spot diameter is approximately 20 nsec. Therefore, if the laser

beam had abruptly cut off , the surface pressure would at least continue to

remain significant for � 20 nsec. The time for the surface pressure to

reduce substantially is much more difficult to predict but qualitatively it

is reasonable that the surface could take a fraction of the laser puls e time

to cool enough so tha t the vaporization rate and therefore vapor pressure

was subs tantially reduced,

An accurate prediction of the fron t surface loading pressure using

backface data is beyond the scope of this work. Obviously a method to

evaluate the decay of the shock into the material would be to pe rform many

more experiments with varying target thicknesses and also compare the

results to computer code calculations explicitly done for the conditions of

the experiments. Even so, the estimates of front surface loading from

extrapolations of backsurface data do correspond to predictions of fron t

surface loading from the laser material Interaction model. Therefore ,

there is no doub t tha t the laser technique does induce strong shocks which

are needed to simulate hype rvelocityr impact.

H 

I
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IV. SUMMARY AND SUGGESTIONS FOR FUTURE WORK
a

The combined result s of the two experimental prog ram s of

laser simu]ation of hypervelocity impact at Physical Sciences Inc.

have quantitatively demonstrated that there is good evidence of an

accurate simulation. The evidence includes morphology of c raters

in ductile and brittle materials, mass loss data , spallation , and

backface measurements. Because of the ambiguity in the equivalent

hypervelocity impact particle parameters, fu rther experiments were

needed to reduce the uncertainty in induced shock parameters. The

present program demonstrated that the induced shock duration ranged

from 0. 8 to 1. 8 times the laser pulse time which confirms the gener-

ation of short high strength shock waves by the laser technique. Also ,

the front surfac e pressure was evaluated by extrapolating backface
velocity data whIch yields the correct order of magnitude front surface

pressure compared to predictions made with the laser/material inter-

action model. Analyzing our data for an accurate determination of

the equivalent particle parameters of laser produced craters is diffi-

cult because of the lack of expe rimental data for small particle hyper-
-

• 

velocity impact produced shock waves. Therefore, the simple

momentum model is used to predict hypervelocity impact shock durations

and as a result of this program the duration of the pressure pulse should

be taken as 1. 5 times the laser pulse length in that model.
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Future work is needed to further decrease the uncertainty in
equivalent impact parameters. A computer code such as TOODY would
undoubtedly be requir ed to accurately correlate the front surface pressure-
time history to backface mea surements and also equivalent particle
parameter8.

Impulse measurements combined with shock duration measure-
ments would be very fruitful. The data could be correlated with
hyperveloclty impact impulse data to further reduce the equivalent
particle parameters. The impulse data is sensitive to particle momen-
tim while crater mass loss is nominally dependent on particle kinetic
energy, this allows the determination of equivalent particle mass and
velocity. Thus, as fu rther refinements are made in this technology,
this low cost technique will have greater application in materials testing.
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